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Resonant soft X-ray sattering with photon energies near the O K and the Cu L3 edges was used
to study harge ordering in the system La1.8−xEu0.2SrxCuO4 as a funtion of temperature for x
= 0.125 and 0.15. From the superstruture diration intensities a harge ordering with a doping
dependent wave vetor is derived whih is in this system well below the transition temperature of
the low-temperature tetragonal phase but well above the onset of spin ordering. This indiates that
harge ordering is the primary driving fore for the formation of stripe-like phases in two-dimensional
doped uprates. Analysis of the lineshape of the sattered intensity as a funtion of photon energy
yields evidene for a high hole onentration in the stripes.
PACS numbers: 61.05.p, 71.45.Lr, 74.72.Dn, 75.50.Ee
In the doped uprates there exists a omplex inter-
play between lattie, harge and spin degrees of free-
dom yielding several phases in a narrow onentration
range: the antiferromagneti insulating phase, the high-
Tc superonduting phase, the pseudo-gap region and
harge- and spin-ordered phases. The latter are usually
divided into hekerboard phases and stripe-like phases.
The stripe-like phase in whih antiferromagneti an-
tiphase magneti domains are separated by periodially
spaed domain walls to whih the holes segregate was
rst predited from Hartree-Fok analysis of the single-
band Hubbard model [1℄. Flutuating stripe-like order of
spins in La2−xSrxCuO4 (LSCO) near x = 1/8 has been
inferred from neutron sattering showing inommensu-
rate magneti orrelations [2℄. In La1.875Ba0.125CuO4
(LBCO) superondutivity is strongly suppressed and a
low-temperature tetragonal (LTT) phase appears whih
stabilizes a stati stripe-like order due to the orru-
gated pattern of the in-plane lattie potential [3℄. A
stati stripe-like order of the Cu spins has also been
deteted in La1.6−xNd0.4SrxCuO4 (LNSCO) by neutron
sattering. In these ompounds the orrugation of the
CuO2 plane is more pronouned due to the smaller
ioni radius of Nd ompared to La [4℄. Replaing Nd
by even smaller Eu ions, a phase diagram of the sys-
tem La1.8−xEu0.2SrxCuO4 (LESCO) has been proposed
based on µSR experiments [5℄. There the magneti stripe
order almost ompletely replaes the superonduting
range between x = 0.08 and 0.2. Only above x ≈ 0.2
superondutivity ould be deteted in a narrow onen-
tration range.
Using neutron sattering [4℄ and non-resonant X-ray
sattering [6℄, the ordering of the harges an be only
monitored indiretly by the assoiated lattie distortion.
The reason for this is that neutron and X-ray dira-
tion are mainly sensitive to the nulear sattering and
the ore eletron sattering, respetively. More diret in-
formation on the harge modulation in uprates an be
obtained by resonant soft X-ray sattering (RSXS) using
photon energies at the O K and the Cu L edge [7, 8℄.
In partiular at the threshold of the O K level the form
fator for a harge arrier is enhaned by a fator of 82
[8℄. Near the Cu L edge there is a strong enhanement
of the form fator as well, but mainly lattie distortions
are probed whih may be aused by harge modulations
[9℄. In the high-Tc superondutor LSCO (x = 0.15) no
stati stripe-like modulation of the harge arriers ould
be deteted by RSXS [7℄ while in the ompound LBCO
(x = 1/8) a strong modulation of the harge arriers has
been observed in the range below the LTT phase transi-
tion temperature TLTT = 55 K. We emphasize a striking
feature of all investigations of stripe-like harge and spin
order in this system: the ordering seems to be of oopera-
tive nature, i.e. harge and spin order show similar tem-
perature dependene and the appearane of the harge
order at TCO and a spin ordered state at TSO is found
very lose to TLTT [3℄. In LNSCO with x = 0.125 and
TLTT = 70 K, on the other hand, lattie distortions due
to harge ordering have been deteted at TCO = 62 K
and spin order at TSO = 54 K [10℄. The three transition
temperatures in this system are slightly separated and
there is an indiation that harge order may be more im-
portant for the formation of a stripe-like order than spin
order. In the ompounds LESCO, whih is the fous of
this study, TLTT = 125 K and TSO = 45 K, derived from
neutron sattering [11℄, are distintly dierent. The pos-
sible appearane of a separate harge and spin ordering
should therefore be readily observable in this system.
In this ontribution we have determined harge order-
ing diretly by means of RSXS in a seond system besides
2LBCO, namely in LESCO. From a lineshape analysis of
the superstruture diration intensity as a funtion of
photon energy aross the O K resonane, we infer the ex-
istene of a high doping onentration per Cu site in the
hole stripes. Furthermore, it is shown that the inom-
mensurate harge ordering wave vetor exhibits a doping
dependene orresponding to that observed for spin or-
der. In ontrast to the previous RSXS study of LBCO,
we nd a modulation of the harge arrier density in a
large temperature range without spin order. These nd-
ings learly show that the primary driving fore for stripe
formation is the harge hannel.
The RSXS experiments were performed at the BESSY
undulator beam line UE 46-PGM operated by the Hahn-
Meitner Institut Berlin, working with vertially polarized
photons in a horizontal sattering geometry. A two-irle
UHV diratometer was equipped with a ontinuous ow
He ryostat. The detetor was a silion diode whih had
an angular aeptane of 0.8
◦
in the sattering plane and
4
◦
perpendiular to it. LESCO single rystals were grown
using the traveling solvent oating zone method. X-ray
diration,
63
Cu NMR spetrosopy and magneti sus-
eptibility measurements yielded for both onentrations
a rst order phase transition at TLTT = 125 K [12℄. The
single rystals were leaved parallel to the (001) surfae in
air shortly before the transfer to the sattering hamber.
At a photon energy of 1100 eV the (002) peak ould be
reahed whih was used together with the superstruture
peaks to orient the sample.
In Fig. 1 we present a omparison of X-ray absorption
spetrosopy (XAS) measurements using the uoresene
method with the photon-energy dependene of the super-
struture intensities near the O K and the Cu L3 edges
for a LESCO (x = 0.125) single rystal at a tempera-
ture T = 6 K. We denote the wave vetor Q = (2πh/a,
2πk/b, 2πl/) with Miller indies (h, k, l) where in the
LTT phase a = b = 3.79 Å and  = 13.14 Å for x = 0.125
- 0.15. In aordane with previous eletron energy-loss
spetrosopy (EELS) and XAS studies [13, 14℄ we see
(Fig. 1 (a)) at 528 eV transitions into the O 2p doped
hole states in the ondution band (CB) and at 530 eV
transitions into the Cu 3d upper Hubbard band (UHB)
hybridized with O 2p states. The RSXS intensity of the
(0.23 ,0 , l) superstruture reetion displays a strong res-
onane at the energy of the doped hole states, indiating
a strong density modulation of the harge arriers. There
is also a weaker resonane at the UHB of the O K edge
whih has been related to a modulation of orrelation ef-
fets [8℄. For the Cu L3 edge, transitions into the Cu
3d hole states are observed. The shoulder near 931 eV
is usually asribed to Cu 3d9L ligand-hole states whih
inreases with inreasing doping onentration. The su-
perstruture peak also shows a strong resonane at the
white line of the Cu L3 edge (see Fig. 1 (b)).
In order to glean information about the eletroni
struture of the stripes, we have modeled the lineshape of
Figure 1: (olor online). (a),[(b)℄: the resonant sattering
intensity (red) as a funtion of photon energy through the
O K [Cu L3℄ absorption edge for the stripe superstruture
peak. Data were taken near the O K [Cu L3℄ for l = 0.75
[1.6℄. Also shown is the X-ray absorption spetrum (blak)
and the alulated sattering intensity (blue). (): the real
(solid line) and the imaginary (dotted line) part of the atomi
form fator f at the O K edge of LSCO for x = 0.07 (red) and
x = 0.15 (blue). (d): the real (red) and the imaginary part of
the atomi form fator f at the Cu L3 edge of LSCO for x =
0.125.
the sattered intensity at both the O K and Cu L edges.
In Figs. 1 (a) and (b) we also present the results of these
alulations. In general, the sattering intensity, Isc, will
be given by
Isc(Q) ∝
∣∣∣∣∣∣
∑
j
fj(E, x+ δxj)e
−i2piQ·(rj+δrj)
∣∣∣∣∣∣
2
, (1)
where δxj is the hange in loal hole doping away from
x arising from an eletroni ordering and δrj is a hange
in the lattie position due to a lattie distortion. Similar
to the treatment of the RSXS data of LBCO [8℄ at the
O K edge we assume that the predominant ontribution
to the sattering is from eletroni ordering and neglet
the lattie distortions (δrj = 0). XAS measurements on
LSCO at dierent Sr doping levels [15℄ allows us to deter-
mine fj(E, x+ δxj) by making use of the proportionality
between ℑ(fj) and the X-ray absorption, followed by a
Kramers-Kronig transformation to obtain ℜ(fj).
The preise struture of the stripe order and magni-
tude of the harge modulation  whether there is a si-
nusoidal variation in harge modulation or whether we
have the extreme ase of half-lled harge stripes sepa-
rated by undoped anti-ferromagneti domains  will de-
3termine the appropriate expansion of Eq. (1). At the
O K edge the X-ray absorption [14℄, and subsequently
the atomi sattering form fator, varies roughly linear
with doping for x less than ≈ 0.2 so that fj(E, x+ δxj)=
f(E, x) + (∆f(E, x)/∆x)δxj . Assuming that this linear
expansion is valid, the lineshape of the superstruture in-
tensity only depends on ∆f(E, x)/∆x and not on other
details of the stripe order. As suh we an use XAS mea-
surements at x = 0.07 and 0.15 from [15℄ to determine
f(E, x = 0.07) and f(E, x = 0.15) (shown in the Fig. 1
()) and alulate Isc,OK ∝ |∆f(E, x)/∆x|
2
, as shown
in Fig. 1 (a). This alulation aptures the measured
peak positions orretly, but produes two unexpeted
disrepanies: similar to the ase of LBCO [8℄ the mea-
sured lineshape is narrower than alulated and, most
strikingly, the seond peak at 529.3 eV is too large.
At the Cu L edge, the intensity of the superstruture
reetion is assoiated with strutural distortions [9℄ In
the ase δxj = 0, the energy dependent lineshape is given
by Isc,CuL = |fCu|
2
. The orresponding results of the
Kramers-Kronig analysis using Cu L3 XAS results from
the literature [15, 16℄ are shown in Figs. 1 (b) and (d).
The alulated RSXS lineshape is almost idential to the
XAS data but the width is muh larger than that of the
resonant sattering intensity.
However, in the alulations presented above several
assumptions have been made whih ould inuene the
alulated linewidths. For instane, it ould be insuf-
ient to onsider only a purely strutural modulation
for the RSXS at the Cu L3 edge. Regarding the O K
edge, it may be that the essentially ioni (loal) desrip-
tion above is not a good approximation for the band-like
states probed at the O K edge. It is also not obvious
whether or not the form fators dedued from XAS mea-
surements outside the stripe phase provide a good de-
sription for the sattering enters in the stripe ordered
phase.
Another assumption made for the O K edge is the
strit linearity of the form fator with respet to x. The
small sattering intensity for the UHB relative to the
CB may be explained by a deviation from the linear
onentration dependene of the absorption oeient
for the two bands. For x < 0.2 EELS and XAS ex-
periments [13, 14, 15, 16℄ as well as theoretial alu-
lations for strongly ovalent harge transfer insulators
[17℄ indiate that the X-ray absorption and hene in
a rst approximation also the form fator for the CB
and the UHB is proportional to 2x and 1-x, respe-
tively. Based on this, the intensity ratio ICB/IUHB =
|(∆f(E, x)/∆x)CB/(∆f(E, x)/∆x)UHB |
2 = 4 in fair
agreement with the alulated urve in Fig. 1 (a). On
the other hand, the ited experiments indiate at higher
x-values a strong redution of the linear derease of the
UHB absorption. Thus the strong redution of the mea-
sured sattering intensity for the UHB an be readily
explained by a deviation from the linear model used in
Figure 2: (olor online). (a): temperature dependene of h
sans along (h, 0, l) showing superstruture reetions of LE-
SCO ( x= 0.125 and 0.15) using O K (l = 0.75) and Cu L3 (l
= 1.6) photon energies. Points depit RSXD data, the solid
lines represent ts to the data. The t to the data lose to
TSO is marked by a blak line to highlight the existene of
harge order above this temperature. (b) temperature depen-
dene of the intensities of the superstruture reetions shown
in (a) normalized to the intensity at T = 6 K. The dotted line
is a guide to the eyes (∝ (Tc − T )
1/2
)
the alulations together with a high doping onentra-
tion per Cu site (x ≫ 0.2) within the hole stripes in
agreement with a previous analysis for LBCO [8℄.
In Fig. 2 (a) we present h-sans of the superstruture
reetions with photon energies near the OK edge (528.0
eV) and the Cu L3 edge (929.7 eV) for x = 0.125 and for
photon energies at the Cu L3 edge for x = 0.15. Typ-
ial signal to bakground ratios were near 0.05. For x
= 0.15 and O K photon energies there might be an in-
diation of a small superstruture reetion near (0.25 ,
0, l) at low temperatures but a lear peak ould not be
resolved (data not shown). The sans presented in Fig. 2
(a) ould be readily tted by a Lorentzian plus a polyno-
mial bakground. Besides the sans shown in Fig. 2 (a)
we have also measured various sans for dierent l values.
In agreement with previous studies of LBCO (x=1/8) [8℄
we do not observe a pronouned variation of the dira-
tion intensities within the small aessible l-range at the
resonant energies. This indiates rather short oherene
lengths along the -axis whih are shorter than 2 times
the lattie onstant . The intensities of the superstru-
ture peaks, as derived from the area of the Lorentzians,
as a funtion of temperature are shown in Fig. 2 (b). In
all ases studied here there is a monotoni derease of
the intensity with inreasing temperature. The transi-
tion temperatures TCO is tentatively identied with that
temperature where the extrapolated intensity of the su-
perstruture reetion at the Cu L3 edge disappears. In
4this way we obtain for x = 0.125 and 0.15 TCO = 80
± 10 K and 70 ± 10 K, respetively. The lower TCO
with inreasing x an be rationalized by a redued stripe
stability for doping onentrations away from x = 1/8.
From the peak intensities at the O K edge the transition
temperature an be less well determined. The reason for
this is that in this ase, the signal to bakground ratio,
espeially at high temperatures, is rather low leading to
large error bars.
The widths of the superstruture peaks at low tem-
peratures derived from the ts are 4-8 times larger than
the instrumental widths heked at the (001) Bragg peak.
This means that the width is determined by a nite orre-
lation length of the harge order. This orrelation length
is of the order of 85 and 100 lattie onstants, a, and then
dereases by about a fator of two before TCO is reahed.
The nite widths at low temperatures indiate disorder
due to quantum utuations or due to the potential of
the dopant ions. A disorder aused by a deviation from
the 1/8 doping onentration (whih is the ideal onen-
tration for the traditional stripe piture) is less probable
sine at low temperatures there is no lear dierene in
the width for the two onentrations x = 0.125 and 0.15.
More interestingly, the wave vetor ǫ for the lattie dis-
tortion superstruture reetion inreases between the
two onentrations from 0.228 to 0.254. These values
are perfetly in line with the general inommensurability
urve of low-energy spin exitations ǫ/2 versus x whih
for smaller x is determined by ǫ/2 = x and saturates
above x = 0.125 [18℄. From this exellent agreement we
an onlude that the utuating magneti stripes and
the harge order, diretly deteted by RSXS, orrespond
to the same phenomenon. Furthermore, in a more on-
ventional model stripes are often explained by a nesting
between segments of the Fermi surfae near the antinodal
point with a nesting vetor parallel to the Cu-O bond and
being lose to ǫ. However, in this model the nesting ve-
tor should derease with inreasing x while the present
data show for the harge ordering an inrease of ǫ with
inreasing x. This learly exludes this simple nesting
senario for the explanation of stripes.
Comparing LESCO with other uprates having an LTT
phase, one realizes an interesting dierene: the three
transition temperatures TLTT = 125 K, TCO = 80 K
and TSO = 45 K (extrapolated from the value for x =
0.15 [11℄) are distintly dierent. Most importantly, the
present RSXS data at the O K edge prove the existene
of a harge modulation well above TSO. In other words,
there is a large temperature range between 45 K and 80
K, where harge order exists without spin order. A sim-
ilar observation was made for the sample with x = 0.15.
This observation is at variane with the Hartree-Fok
alulations [1℄, aording to whih the magneti order
drives the formation of harged stripes by a stabiliza-
tion due to a magneti interation between the antifer-
romagneti domains aross the antiphase domain walls.
Nonetheless, the magneti and the harge order are ex-
peted to be oupled [19℄. In the present study, this
oupling is possibly indiated by small kinks in the tem-
perature dependene of the intensity of the superstru-
ture peak (see Fig. 2 (b), O K and Cu L3 data for x
= 0.125) and in the widths (not shown) near TSO. Fur-
thermore, this view of the oupling between the two order
parameters is supported by ESR studies revealing a sud-
den slowing down of the spin utuations whih sets in
lose to TCO [20℄. Finally, it should be also noted that
the dierene in the transition temperatures annot be
explained by a dierent time resolution between RSXS
and neutron sattering, sine the same methods applied
to LBCO did not yield a dierene between TCO and
TSO.
The results for LBCO, LNCO, and in partiular LE-
SCO learly indiate that the harge stripes are stabilized
by strutural distortions that exist in the LTT phase.
The orrugated CuO2 planes reate a pinning potential
that favors the formation of stripe-like strutures. Be-
tween TLTT and TCO, however, this potential is appar-
ently not strong enough to stabilize stati harge stripes.
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